Telomerase is a ribonucleoprotein containing an essential telomerase RNA template and telomerase reverse transcriptase (TERT) that maintains telomeres. The dosage requirements for mammalian TERT in telomere length homeostasis are not known, but are of importance in cellular senescence, stem cell renewal, and cancer. Here, we characterize telomere maintenance and function upon successive breeding of mice deficient in mTert. These studies reveal a unique dosage requirement for telomere length maintenance by TERT; despite haploinsufficiency for the maintenance of long telomeres, mTert؉͞؊ mice retain minimal telomere DNA at all chromosome ends and do not exhibit the infertility typical of telomerase-deficient strains. Unlike the long (>50 kbp) average telomere lengths of wild-type laboratory mice, mTert؉͞؊ animals mice possess short telomere lengths similar to humans and wildderived mice. Unexpectedly, mTert؉͞؊ mice are ersatz carriers for genetic instability, because their mating led to accelerated genetic instability and infertility in null progeny. Thus, limiting TERT levels play a key role in the maintenance of genome integrity, with important ramifications for the maintenance of short telomeres in human cancer and aging.
Telomerase is a ribonucleoprotein containing an essential telomerase RNA template and telomerase reverse transcriptase (TERT) that maintains telomeres. The dosage requirements for mammalian TERT in telomere length homeostasis are not known, but are of importance in cellular senescence, stem cell renewal, and cancer. Here, we characterize telomere maintenance and function upon successive breeding of mice deficient in mTert. These studies reveal a unique dosage requirement for telomere length maintenance by TERT; despite haploinsufficiency for the maintenance of long telomeres, mTert؉͞؊ mice retain minimal telomere DNA at all chromosome ends and do not exhibit the infertility typical of telomerase-deficient strains. Unlike the long (>50 kbp) average telomere lengths of wild-type laboratory mice, mTert؉͞؊ animals mice possess short telomere lengths similar to humans and wildderived mice. Unexpectedly, mTert؉͞؊ mice are ersatz carriers for genetic instability, because their mating led to accelerated genetic instability and infertility in null progeny. Thus, limiting TERT levels play a key role in the maintenance of genome integrity, with important ramifications for the maintenance of short telomeres in human cancer and aging.
telomerase reverse transcriptase ͉ haploinsufficiency ͉ genetic instability ͉ telomere signal-free end T elomerase contains two essential components: the telomerase reverse transcriptase (TERT), and the telomerase RNA, which provides the template for the reverse transcription of new telomere DNA by TERT (reviewed in ref. 1) . Loss of function of telomerase is unusual in that it leads to a latent phenotype in which the phenotypic consequences of telomere attrition become evident only after telomere DNA has sufficiently eroded. Loss of either the telomerase RNA or TERT in unicellular organisms that constitutively express telomerase activity, such as fungi and protozoa, leads to an ever-shorter telomere phenotype that ultimately induces a growth arrest termed senescence (reviewed in ref. 1 ).
Some multicellular model organisms such as mice contain telomerase activity in most tissues (2) (3) (4) (5) . Other species, such as humans and plants, retain telomerase activity in undifferentiated germ-line or highly proliferating cells (reviewed in refs. 6 and 7). Loss of TERT in plants, or the telomerase RNA in mice, leads to heritable and progressive telomere shortening that results in loss of detectable telomere DNA, defects in cellular proliferation, and an increase in genetic instability and infertility (8) (9) (10) (11) (12) (13) (14) (15) . In some instances, shortened telomeres in telomerase RNAdeficient mice leads to an increase in tumor susceptibility, whereas in other circumstances tumor formation is reduced, illustrating the complex interrelationship between factors that affect genome integrity in the progression to cancer (16) (17) (18) (19) .
Genetic experiments in mice lacking the telomerase RNA established that the onset of genetic instability and infertility correlates with the presence of critically shortened chromosome ends (i.e., those that lack a detectable telomeric DNA signal), rather than short average telomere lengths per se (20, 21) . Although the precise molecular definition of a critically short telomere remains elusive, senescent human primary fibroblasts and uncapped telomeres (through loss of the telomere binding factor TRF2) exhibit enrichment of several proteins associated with double-strand DNA breaks at the telomere (22) (23) (24) . In budding yeast, shortened telomeres also mimic a DNA-damage response (25, 26) . Loss of telomerase or telomere-end protection appears to alter the end-structure (perhaps by perturbing the telomere 3Ј G-strand overhang or t loop), rendering telomeres more susceptible to nucleolytic attack and end-to-end fusion (reviewed in refs. [27] [28] [29] . Use of the term ''critically short'' or ''dysfunctional'' is thus intended to convey that a telomere has lost some or all of these protective functions.
Although the suppressive effect of telomerase inhibition on human cancer cell growth has been well documented (reviewed in ref. 30) , the physiological role of telomerase activity in human tissues is largely unknown. In human T lymphocytes and primary fibroblasts, telomeres shorten despite the presence of low levels of telomerase activity (31) (32) (33) , and yet inhibition of telomerase drives these cells into premature senescence, suggesting that telomerase activity is important (33, 34) . Recently, autosomal dominant forms of dyskeratosis congenita and aplastic anemia were identified that showed linkage disequilibrium with inactivating mutations in the telomerase RNA gene (35) (36) (37) (38) (39) . X-linked mutations in human dyskerin also lead to destabilization of the telomerase RNA and telomere shortening (40) . However, mice bearing a similar dyskerin mutation show slight telomere attrition only after four null generations, whereas dyskeratosis is observed as early as the first null generation (41) . No human diseases have been reported in association with mutations in TERT, and the long-term consequences of partial or complete disruption of murine Tert are unknown. We show that mTert exhibits haploinsufficiency in adult mice, and we characterize a separation in dosage requirements for the maintenance of long versus short telomeres. The data suggest that mTertϩ͞Ϫ mice will provide a model for probing the importance of low levels of telomerase activity in stem cell function and cancer.
Materials and Methods
Generation of mTert Null Mice and Mating Scheme. Production of mTert-deficient mice in a C57BL͞6͞129͞SvJ (''mixed'') genetic background has been described (45) . In brief, heterozygous mTertϩ͞Ϫ founders were intercrossed to produce generation 1 (G1) mTertϪ͞Ϫ animals ( Fig. 1) . Null progeny from separate mating events (to minimize inbreeding artifacts in successive generations; refs. 11 and 46) were mated to obtain G2 mTertϪ͞Ϫ animals, etc., up to the eighth generation, at which point the mice became infertile (Fig. 1) . Concurrently, mTertϩ͞Ϫ founder animals were mated to wild-type C57BL͞6 mice (The Jackson Laboratory) to obtain a more homogeneous genetic background, and the mTertϩ͞Ϫ progeny were successively crossed to wild-type C57BL͞6 mice for up to 10 generations (BC1-BC10) (Fig. 1) . To obtain mTert null mice in a C57BL͞6 background, BC6 mTertϩ͞Ϫ mice were crossed to obtain mTertϪ͞Ϫ mice (G1), which were bred to generate successive generations of mTertϪ͞Ϫ progeny (up to G4). Animal genotype was determined by PCR amplification of genomic DNA using primers specific to either the wild-type locus or the disrupted allele and verified by Southern blotting as described (45) . We confirmed that mTert mRNA levels were reduced by Ϸ50% in mTertϩ͞Ϫ testes compared with wild-type animals, although we were unable to discern a 50% reduction of telomerase activity in mTertϩ͞Ϫ versus mTertϩ͞ϩ cell extracts (45, 47) (data not shown).
Telomere Length Measurements and Cytogenetic Analyses. Unless otherwise indicated, experiments were performed on activated splenocytes isolated from age-matched mice 8-12 weeks old. For the isolation of splenocytes, single-cell suspensions were plated onto dishes pretreated with 5 g͞ml anti-mouse CD3e (BD Biosciences), and cultured for 24 h in RPMI medium 1640 with L-glutamine (Invitrogen), 10% vol͞vol FBS (Sigma), and 1% vol͞vol 2-mercaptoethanol (Invitrogen). Cells were then grown for another 24 h in fresh media supplemented with 5 ng͞ml IL-2 (BioSource), arrested in 0.1 g͞ml colcemid (Roche Diagnostics) for 2-6 h, harvested, and prepared for metaphase spreads as described (48) .
Chromosomal abnormalities and fluorescent signal intensity of individual telomere ends were determined by using quantitative fluorescence in situ hybridization (Q-FISH) (48) with a telomeric Cy3-conjugated PNA probe (Applied Biosystems) on fixed cell preparations. Digital images were captured and processed as described (47) , ensuring that the exposure times were in the linear or near-linear range for telomere fluorescence of samples containing a wild-type (C57BL͞6) distribution of telomere lengths. Telomere fluorescence intensity was quantified by using TF L-TELO software provided by P. Lansdorp (Terry Fox Laboratory, Vancouver) and expressed in arbitrary fluorescence units (11, 48, 49) . The Q-FISH distribution profiles are not converted to values corresponding to kbp, because the use of plasmid standards containing Ͻ2.0 kbp of telomeric DNA negates accurate extrapolation to long average telomere lengths. Instead, in each Q-FISH experiment, at least one wild-type C57BL͞6 animal (mean telomere length Ϸ50 kbp) was analyzed in parallel with the test samples, and comparisons are drawn to this control. Statistical analysis was performed by using a Student's t test to compare testes mass (two-tailed, nonpaired samples of unequal variance) and a 2 test (1 degree of freedom) to compare the incidence of aneuploidy, telomere signal-free end (SFE), or end-to-end fusions between samples.
Results and Discussion
Reduced Fertility and Telomere Shortening in mTert؊͞؊ Mice in a Mixed C57BL͞6͞129 Background. We reported previously the isolation of founder animals heterozygous for mTertϩ͞Ϫ, which were derived from chimeric C57BL͞6 animals that contained mTertϩ͞Ϫ 129͞SvJ murine embryonic stem cells, thus generating a mixed C57BL͞6͞129 murine background ( Fig. 1) (45) . Founder mTertϩ͞Ϫ animals were bred together to generate mTertϪ͞Ϫ progeny, which exhibited a complete absence of mTert transcript and telomerase activity, and a progressive loss of telomere DNA after two generations (45) . Another laboratory also independently generated mTertϪ͞Ϫ mice, although telomere attrition was not reported (50) . Here, we followed telomere lengths with continued breeding of mTertϪ͞Ϫ mice in a mixed C57BL͞6͞129 genetic background, by using a cousin-mating strategy designed to minimize inbreeding artifacts in later generations (Fig. 1) (11, 46) . Successive mating of mTert null mice in the mixed genetic background yielded normal numbers of offspring up to the fourth generation, after which a decrease in fertility became apparent (Fig.  1) . Litter sizes decreased up to the eighth generation (G8), after which no offspring could be obtained.
We then examined these later generation mTertϪ͞Ϫ mice for similarities to mice lacking the telomerase RNA, including decreased testes mass, shortened telomeres, and an increase in telomere signal-free ends (10, 14) . The average testes mass in mTertϪ͞Ϫ G7 and G8 mice was significantly decreased compared to wild-type mice (Table 1 ) (Student's t test, P Ͻ 0.02). Using a quantitative measure of telomere length distribution, Q-FISH (see Materials and Methods), we also found a marked decline in telomere length in seventh and eighth generation mTertϪ͞Ϫ mice compared with wild-type C57BL͞6͞129 mice (which exhibit a telomere length distribution intermediate between that of C57BL͞6 and 129͞SvJ strains; refs. 11 and 51-53) ( Fig. 2A and Table 1 ). Finally, the incidence of telomere SFE rose with each increasing generation of mTertϪ͞Ϫ mice, to statistically significant levels by G7 (5.5%, P Ͻ 0.05) and G8 (10.7%, P Ͻ 0.05) ( Table 1) . It should be noted that the lower limit of detection of telomeric signal by Q-FISH is not equivalent to zero telomeric DNA repeats (48) . Although the incidence of SFE clearly correlated with the onset of infertility in mTertϪ͞Ϫ mice at later generations, no statistically significant increase in end-to-end fusions and aneuploidy was observed, compared to wild-type control animals ( Table 1 ). The failure to detect an increase in aneuploidy above background levels in activated splenocytes was also noted in mice deficient in the telomerase RNA; even at later generations, significant differences in genetic stability were apparent only in murine embryonic fibroblasts, or in activated splenocytes isolated from older animals (11, 13, 14) . Thus, by several criteria, the terminal phenotype of mTertϪ͞Ϫ mice is very similar to that of mice lacking the telomerase RNA. As described previously in Saccharomyces cerevisiae (54-56), we conclude that complete loss of an essential telomerase component, whether the telomerase RNA or TERT, yields a functionally equivalent phenotype in mammals.
Accelerated Onset of Infertility of mTert؊͞؊ Mice in a C57BL͞6 Pure
Genetic Background. To confirm the terminal mTertϪ͞Ϫ phenotype in a more homogeneous genetic background, we carried out successive crosses of mTertϩ͞Ϫ founder animals with wild-type C57BL͞6 mice for 10 generations (BC1-BC10) (Fig. 1) . After six generations (BC6), mTertϩ͞Ϫ mice were crossed together to obtain mTert null mice in a C57BL͞6 background. These mice Total number of pups, divided by the number of mating pairs, produced in 6 months in mixed (light gray) and C57BL͞6 (dark gray) mTertϪ͞Ϫ mice. In the mixed background, the number of mating pairs analyzed were n ϭ 2 (G1, G2, and G5), n ϭ 3 (G3 and G4), n ϭ 4 (G6), n ϭ 6 (G7), and n ϭ 9 (G8). In C57BL͞6, the number of mating pairs analyzed were n ϭ 10 (G1), n ϭ 6 (G2), n ϭ 11 (G3), and n ϭ 7 (G4).
were also subjected to the same cousin-mating strategy as described above. Surprisingly, a dramatic reduction in litter size became apparent after the first mTertϪ͞Ϫ generation in a C57BL͞6 background (Fig. 1) . By the fourth generation, few offspring were obtained and testes were significantly smaller ( Table 1 ) (P Ͻ 0.02). In fact, G3 and G4 mTertϪ͞Ϫ mice in a C57BL͞6 background possessed an even greater degree of telomere shortening and increased incidence of SFE than G7 and G8 mTertϪ͞Ϫ animals in a mixed C57BL͞6͞129 background ( Fig. 2 and Table 1 ).
The acceleration of infertility and appearance of SFE in mTertϪ͞Ϫ mice in a C57BL͞6 background by at least four generations was not observed in C57BL͞6 mice lacking the telomerase RNA (20) . Hemann et al. (20) found that telomerase RNAdeficient C57BL͞6 mice remained viable for the same number of generations as in a mixed C57BL͞6͞129 background (up to G6). In a separate laboratory, telomerase RNA-deficient C57BL͞6 mice reached a terminal phenotype two generations earlier (G4), a difference that was attributed to shorter initial telomere lengths in the wild-type C57BL͞6 animals (42) . Thus, we found it difficult to justify the accelerated phenotype in mTertϪ͞ϪBL͞6 mice solely in terms of initial telomere length differences between the mixed and B6, C57BL͞6; mixed, C57BL͞6͞129; BC8ϩ͞Ϫ, mTert ϩ͞Ϫ backcrossed for eight generations; ND, not determined. *Animals aged 8 -20 weeks were mated, the total number of pups produced during a 6-month period was recorded for each mating pair, and the average total number of pups for each generation was calculated. † Expressed in milligrams. Number of mice analyzed is indicated in parentheses. n ϭ 7 (B6 wt), 3 (BC8ϩ͞Ϫ), 5 (B6 G2), 7 (B6 G3), 6 (B6 G4), 3 (mixed G7), and 7 (mixed G8). Only two mixed G6 males were examined for testicular mass, therefore both values are listed. ‡ Expressed as percentage of all chromosome ends with no fluorescent signal. The number in parentheses is the number of mice measured per generation (400 chromosomes per mouse). Student's t tests revealed a statistically significant increase in SFE in B6 G3, B6 G4, mixed G7, and mixed G8 mice compared with wild-type control mice. § Represents dicentric chromosomes only. Number in parentheses indicates the number of metaphases measured. Number of mice represented is the same as the % SFE column. ¶ Represents metaphases with greater or less than 40 chromosomes. Numbers of metaphases measured and mice represented is same as in the %SFE column.
Fig. 2.
Telomere length analysis of mTertϪ͞Ϫ mice in two different genetic backgrounds. (A) Q-FISH analysis from wild-type (wt), G6, G7, and G8 mTertϪ͞Ϫ mice in a mixed C57BL͞6͞129 genetic background (Mixed). Each histogram represents 400 chromosomes from one mouse (at least two mice were analyzed from each generation, one representative mouse is shown). The arrows indicate the mean telomere length of the mouse represented. See Table 1 for quantification of cytogenetic data. (B) Q-FISH analysis from wild-type, G2, G3, and G4 mTertϪ͞Ϫ mice in a C57BL͞6 genetic background (Bl͞6). Each histogram represents 400 chromosomes from one mouse (at least two mice were analyzed from each generation, one representative mouse is shown). The arrows indicate the mean telomere length of the mouse represented. See Table 1 C57BL͞6 genetic backgrounds. The contribution of genetic modifier effects unrelated to mTert also seemed unlikely, given the consistency of the phenotype in several independent crosses and the ability to rescue the terminal phenotype upon restoration of one functional allele of mTert (see below).
Mice Heterozygous for mTert Are Haploinsufficient for the Maintenance of Long Telomeres. The precocious sterility and onset of SFE in mTert null mice in the pure C57BL͞6 background and our previous observation that mTert is haploinsufficient for the maintenance of long telomeres in murine embryonic stem (ES) cells (45, 47) prompted us to examine whether mice heterozygous for mTert may be similarly haploinsufficient. If this were the case, we predicted that telomere lengths in mTertϩ͞Ϫ C57BL͞6 animals would be shorter than wild-type C57BL͞6 animals; hence, when mTertϩ͞Ϫ mice were bred together, initial telomere lengths would be shorter still, thus contributing to an earlier onset of phenotypes related to critically shortened telomeres.
We performed Q-FISH analysis of mTertϩ͞Ϫ animals and their ϩ͞ϩ littermates after successive crosses to C57BL͞6 mice. Unfortunately, we were unable to obtain age-matched splenocytes for mTertϩ͞Ϫ mice backcrossed to C57BL͞6 mice for up to six generations. However, mTertϩ͞Ϫ mice backcrossed for 7, 8, 9, and 10 generations (BC7-BC10) consistently possessed telomeres shorter than age-matched wild-type C57BL͞6 mice and their mTertϩ͞ϩ littermates (Fig. 3 and data not shown) . In fact, mTertϩ͞ϩ littermates also possessed shorter telomeres than wildtype C57BL͞6 mice (Fig. 3 , compare Top and Middle, and data not shown), an observation consistent with haploinsufficiency of mTert that cannot be completely corrected within one wild-type generation. These data demonstrate that telomere lengths in mTertϩ͞Ϫ C57BL͞6 mice have shortened beyond that of wild-type C57BL͞6 mice. Thus, the initial telomere lengths in mTertϪ͞Ϫ C57BL͞6 mice are shorter than would be expected in the absence of mTert haploinsufficiency (Fig. 2 and data not shown) . We conclude that the advanced onset of SFE and infertility in mTertϪ͞Ϫ C57BL͞6 animals is influenced by a shorter telomere length distribution in C57BL͞6 mice compared with the mixed C57BL͞6͞129 genetic background, and even further telomere erosion that occurred during the successive mating of mTertϩ͞Ϫ mice. In S. cerevisiae, there is already precedence for slight alterations in telomere length that have measurable effects upon long-term viability. For example, diploids heterozygous for more than one telomerase component show slightly shorter, but stable, telomere lengths compared with wild-type diploid yeast (55, 57) . Resultant haploid progeny that are null for either telomerase component demonstrate a measurable acceleration in the terminal senescent phenotype by inheriting slightly shorter telomeres from their diploid parent (55, 57) (D. Edmonds, personal communication).
Despite short average telomere lengths, mTertϩ͞Ϫ mice remained fertile up to 10 generations (BC10), and did not exhibit testicular atrophy (Table 1 and data not shown). Comparison of mTertϩ͞Ϫ and mTertϪ͞Ϫ mice with similar average telomere lengths (e.g., BC9 mTertϩ͞Ϫ mice and G3 mTertϪ͞Ϫ mice) revealed an almost complete absence of SFE in mTertϩ͞Ϫ animals (Fig. 3, Table 1 , and data not shown). This observation parallels the selective maintenance of critically shortened telomeres that we observed in continually passaged mTertϩ͞Ϫ ES cells (47) . Although insufficient to maintain overall average telomere lengths, one functional allele of mTert appears nonetheless sufficient to maintain minimal telomere DNA at all chromosome ends. We estimate the average mean telomere length in later generation mTertϩ͞Ϫ mice (BC8-10) to be Ͻ30 kbp (data not shown), which is roughly comparable to average telomere lengths in the human germ line (58) and wild-derived mouse strains (59).
One Functional Allele of mTert Is Sufficient to Partially Rescue
Telomere Instability. In mice lacking the telomerase RNA, the loss of detectable telomere DNA in later generations can be rescued by crosses that reintroduce one allele of the telomerase RNA (20, 21) . Because later-generation mTertϩ͞Ϫ mice appeared resilient to a complete loss of detectable telomeric DNA, we reasoned that one allele of mTert might be sufficient to rescue the telomere SFE observed in mTertϪ͞Ϫ animals (Fig. 4) . Later-generation mTertϪ͞Ϫ G7 mice (with critically shortened telomeres) were mated to BC8 mTertϩ͞Ϫ mice, and the phenotypes of the intergeneration F 1 (iF1) littermates were compared. The iF1 mTertϩ͞Ϫ progeny consistently possessed slightly longer telomeres compared to iF1 mTertϪ͞Ϫ littermates (Fig. 4 and data not shown) . In addition, iF1 mTertϪ͞Ϫ litter- mates exhibited a decrease in testes mass (P ϭ 0.07) and a statistically significant increase in end-to-end fusions and SFE (P Ͻ 0.01) compared to iF1 mTertϩ͞Ϫ progeny. Perhaps the ability to discern a significant difference in end-to-end fusions in splenocytes derived from mTertϩ͞Ϫ versus mTertϪ͞Ϫ iF1 mice is facilitated by the ability to directly compare littermates. Similar results were also obtained in a separate mating analysis carried out in a C57BL͞6 background (G3 mTertϪ͞Ϫ mice mated to mTertϩ͞Ϫ mice). These data suggest that limiting mTert is sufficient to maintain or rescue critically shortened telomeres, despite an inability to maintain the average telomere lengths typical for wild-type C57BL͞6 mice.
It is unusual that one functional copy of mTert compromises some, but not all, aspects of its function in vivo. Unlike mTertϩ͞Ϫ mice and ES cells, heterozygosity of the telomerase RNA does not lead to telomere shortening in ES cells (43) or a marked acceleration of the terminal phenotype in C57BL͞6 mice (20, 21) . Curiously, mice heterozygous for the telomerase RNA exhibit haploinsufficiency for lengthening of shorter telomeres in an interspecies cross of mouse strains with short (wild-derived) and long telomere lengths (laboratory inbred) (44) . We have not determined whether heterozygosity of mTert is sufficient for lengthening of shorter telomeres in such an interspecies cross. However, the ability of mTertϩ͞Ϫ mice to partially rescue critically shortened telomeres in a C57BL͞6 background may portend an ability to lengthen the shortest telomeres when crossed with a wild-derived mouse. Another important distinction between dosage effects in mammalian telomerase is that, unlike young mTertϩ͞Ϫ mice, humans harboring a mutation in the telomerase RNA do not remain asymptomatic; whether this disorder represents true haploinsufficiency remains to be verified (35, 36) . Thus, additional experiments are required to determine whether direct parallels between the dosage requirements for the telomerase RNA and TERT can be drawn between humans and mice.
Two models that might explain the etiology of mTert haploinsufficiency can be considered. One model, termed the balance hypothesis (60) , postulates that the dosage of a particular gene product evolved to be optimal in relation to other gene products, and that perturbation of this balance may have a deleterious effect on the remaining gene products (i.e., in some cases, the heterozygote possesses a more severe phenotype than the nullizygote) (60) . A second hypothesis, articulated by Veitia (61) , is that multicomponent processes have evolved a delicate equilibrium that may be dosagesensitive to allow a more f lexible response to external inf luences. This hypothesis implies that excess telomerase activity has been selected against; in fact, overexpression of murine TERT increases the incidence of skin neoplasias upon chemical treatment (62) and the incidence of breast carcinomas in aging mice (63) . The fact that mTertϩ͞Ϫ mice retain the ability to maintain critically short telomeres, but not longer ones, supports the notion of a delicate equilibrium in the accessibility of the telomere to telomerase. Short telomeres in humans and yeast have already been established as preferential substrates for telomerase extension, in part due to erosion of binding sites for inhibitory telomere-associated proteins, such as Rap1͞hRAP1 and hTRF1 (22, 64 -66) . Thus, although half the dosage of mTert may be inadequate to overcome TRF1-mediated inhibition when telomeres are long, it may nonetheless be sufficient for telomere lengthening when telomeres are very short.
The mouse has proven to be an excellent model system for dissecting changes in genetic stability associated with haploinsufficiency. For example, in mice heterozygous for the Bloom's syndrome helicase (BLM) or p27, an increase in genetic instability is observed in heterozygous progeny without a concomitant loss of the remaining wild-type allele (67, 68) . In other murine models of genetic instability, such as Msh2, Rb, and p18, the haploinsufficiency is subtle, and genetic instability and tumor susceptibility arise only upon close examination of mutation frequencies or challenge with carcinogens (69 -72) . In humans, other diseases associated with heritable changes in DNA have been found to exhibit genetic anticipation (i.e., earlier onset and increased penetrance with each generation) (73) . Partial loss of telomerase function may predispose to an insidious haploinsufficiency that leads to genetic instability after a number of generations or upon environmental challenge (35) (36) (37) (38) (39) , especially if telomerase activity is important for maintaining genome integrity in some tissues with increasing age (33, 34) . The mTertϩ͞Ϫ and mTertϪ͞Ϫ mice thus provide a genetic model to compare two strains that both possess very short telomeres, and differ only in their ability to maintain critically short telomeres, for their predisposition to age-associated diseases and cancer. In addition, the mTertϩ͞Ϫ mice might provide a more rapid means to assess the in vivo efficacy and͞or potential toxicity of therapeutic inhibitors of telomerase. Table 1 for detailed explanation of each measurement. a, Expressed in milligrams. Data for B6 WT, BC8ϩ͞Ϫ, and G7Ϫ͞Ϫ are reproduced from Table 1 . The testes measured in iF1 animals (Ϫ͞Ϫ, 3; ϩ͞Ϫ, 5) were taken from older, larger animals and are proportionate to total body mass.
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